Introduction
============

Telomerase and poly(ADP-ribose) polymerase-1 (PARP-1) are two potential cancer biomarkers and are closely related to tumor initiation and malignant progression.[@cit1],[@cit2] Integrating multiple functions into one probe that can detect not only telomerase but also PARP-1 will significantly raise the specificity of screening cancer and decrease false positive proportion. To the best of our knowledge, few probes have been reported to detect not only telomerase but also PARP-1.

Most telomerase detection methods depend on the unique property of its extended primer, 5′-AAT CCG TCG AGC AGA GTT (TTAGGG)~*n*~-3′. First, the extended primer is a powerful displacement strand that can be used to initiate the signal "turn-on" or "turn-off" based on the hybridization of DNA.[@cit3]--[@cit5] Second, the extended G-rich primer forms a G-quadruplex, which has high peroxidase-like activity and can initiate signals closely related to the catalyzed reaction.[@cit6]--[@cit9] Third, the extended DNA sequence has ample negative charges that have great influence on the signal depending on the electrostatic interactions.[@cit10]--[@cit12] Only few telomerase detection methods have been reported based on the specific recognition of bases.

Most detection methods for PARP-1 are based on its catalyzed production of PAR that has a large number of negative charges, which can adsorb positively charged probes by electrostatic attraction.[@cit13]--[@cit15] These methods do not have good selectivity because of the high background signals. Because PAR lacks unique properties as the extended telomerase primer, very few methods have been developed for its detection even though its activity is very important for assessing cancer development.[@cit16],[@cit17]

Fluorescence analysis has been widely applied in detecting biomolecules because of its inherent advantages of being simple, convenient and sensitive. The fluorescence properties of dyes differ widely when they are in different environments, and they are strongly dependent on the local environment of the macromolecules and their circumstances.[@cit18] DNA carries the genetic information of all known living organisms. The ability to specifically discriminate DNA sequences is significant for disease screening and oncology studies.[@cit19] Some fluorescence probes that specifically recognize DNA sequences have been developed.[@cit20]--[@cit22] Fluorescence nanoparticles such as DNA-silver nanoclusters[@cit23]--[@cit26] and small organic dyes such as thioflavin T,[@cit27]--[@cit29] ethidium bromide (EtBr),[@cit30] thiazole orange (TO),[@cit31] TOTO,[@cit32] and iridium complex[@cit33] can bind to DNA chains and show various fluorescence properties depending on their manner of binding and binding ability. Some of them can distinguish ss-DNA from ds-DNA or G-quadruplex DNA. However, only a few fluorescence probes are known to effectively distinguish deoxynucleotides[@cit34] even though they are significant for DNA sequence discrimination, bio-analysis and clinical diagnosis.

TOTO-1, an unsymmetrical cyanine dye dimer, is well-known for differentiating ss-DNA from ds-DNA (Fig. S1[†](#fn1){ref-type="fn"}).[@cit35],[@cit36] It is virtually non-fluorescent without DNA and exhibits strong fluorescence when it binds to ds-DNA (Fig. S2[†](#fn1){ref-type="fn"}).[@cit37],[@cit38] In this paper, for the first time, we found that TOTO-1 has unique fluorescence selectivity and high sensitivity towards the G bases in single-stranded DNA and PAR. Its fluorescence intensity was much stronger with poly(dG) than those with poly(dA), poly(dC) and poly(dT) (Fig. S2A[†](#fn1){ref-type="fn"}). More interestingly, the fluorescence of TOTO-1 with poly(dG) was far stronger than that with dGTP even when the concentration of dGTP was 4 orders of magnitude higher than that of the G bases in poly(dG). Furthermore, the fluorescence of TOTO-1 with PAR increased sharply compared to those with higher concentrations of ADP or poly(dA).

These findings urged us to develop a simple and sensitive method to assay the activities of both telomerase and PARP-1; they catalyzed the formation of a G-rich elongated TS primer and PAR *in vivo*, respectively, which were highly sensitive to TOTO-1. The high background signals produced by the telomerase primer and the activated dsDNA were reduced by 9 times and 38 times, respectively, under the influence of digestion by the Exo III enzyme. As a result, the detection sensitivity improved greatly. A linear relationship between the fluorescence intensities and logarithmic concentrations of telomerase was observed between 13 and 4000 cells per mL, and the limit of detection (LOD) was determined to be 13 cells per mL. Also, the fluorescence intensities showed a linear response between 0.02 U and 1.5 U for PARP-1 with LOD of 0.02 U. This simple and sensitive approach is promising for clinical diagnosis and is a powerful tool for pharmaceutical screening.

Experimental section
====================

Molecular dynamics (MD) simulation
----------------------------------

The initial single-stranded poly(dG) structure was constructed using the NAB module in the AmberTools16 package.[@cit39] Then, the configuration of TOTO-1 binding to poly(dG) was constructed using AutoDock 4.0 with the Lamarckian genetic algorithm.[@cit40] The ground-state geometry of free TOTO-1 molecule was first optimized at the M06-2X/6-311++G(d,p) level with the polarizable continuum model (PCM), and the RESP charge of the TOTO-1 molecule was calculated using the GAUSSIAN09 program.[@cit41] The configurations of TOTO-1 without and with poly(dG) at the center with 8000 water molecules were simulated at 298 K in cubic boxes of 56.61 × 56.61 × 56.61 Å^3^ and 62.46 × 62.46 × 62.46 Å^3^, respectively. The generalized amber force field (GAFF) and FF99BSC0 force field were used for the TOTO-1 molecule and poly(dG), respectively. All the water molecules were described by the TIP4PFB force field, which was found to be able to reproduce the experimental properties of liquid water.[@cit42] Cl^--^ and Na^+^ counterions were added to neutralize the system of TOTO-1 without and with poly(dG) in aqueous solutions, respectively. The simulations of the two systems were run on the NPT ensemble at 1.0 bar with a Berendsen barostat. Periodic boundary conditions (PBC) were carried out and the long-range electrostatic interactions were taken into account using the particle mesh Ewald (PME) method. The velocity Verlet algorithm was employed to solve Newton\'s motion equations with the bonds of hydrogen atoms constrained. The van der Waals cutoff was set as 10 Å for the two systems. For TOTO-1 without and with poly(dG) in aqueous solutions, two simulation trajectories of 20 ns after 2 ns of equilibrium were carried out and snapshots were collected at the interval of 1 ps with every time step of 1 fs.

Hybrid quantum mechanical and molecular mechanical (QM/MM) calculation
----------------------------------------------------------------------

The electronic absorption spectra of TOTO-1 without and with poly(dG) in aqueous solutions were calculated using the QM/MM method at the level of time-dependent density functional theory (TDDFT) with the M06-2X functional and the 6-31G(d) basis set. TOTO-1 molecule and TOTO-1 with poly(dG) were treated in the QM part for the two systems, and the remaining molecules including the counterions and water molecules were treated as background point charges in the MM region.

Procedures of telomerase activity and inhibition efficiency evaluation
----------------------------------------------------------------------

Cell cultivation, telomerase extraction and primer extension reaction were performed according to previously described methods (ESI[†](#fn1){ref-type="fn"}). The extended G-rich sequence was hybridized with cDNA (complementary to the TS primer) at 95 °C for 5 min, followed by cooling down slowly to room temperature. Then, Exo III was used to digest the duplex part formed by cDNA and TS primer at 37 °C. The resulting solution (30 µL) was diluted to 200 µL with PBS buffer containing 250 nM TOTO-1. Then, the fluorescence spectra were recorded. Various concentrations of BIBR 1532 or curcumin were incubated with 750 cells per mL A549 cells to evaluate their telomerase inhibition efficiency. Heated A549 cells (95 °C, 5 min) were used for control experiments.

Procedures of PARP-1 activity and inhibition efficiency evaluation
------------------------------------------------------------------

First, active dsDNA was prepared by hybridizing two complementary sequences ssDNA1 and ssDNA2 in a hybridization buffer at 95 °C for 5 min, followed by cooling to room temperature slowly. Then, dsDNA (150 nM) was incubated with PARP-1, NAD^+^ (250 µM) and reaction buffer (R-buffer) for 1 h at room temperature. After PARP-1 catalyzed the polymerization of PAR, dsDNA was digested by Exo III at 37 °C to reduce the background signal. The resulting solution was mixed with PBS buffer containing 250 nM TOTO-1. Fluorescence spectra were recorded. For PARP-1 inhibitor assay, the same procedure was carried out except for the treatment of PARP-1 with different concentrations of AG014699.

Result and discussion
=====================

High fluorescence selectivity and sensitivity of TOTO-1 towards the G bases in single-stranded DNA and PAR
----------------------------------------------------------------------------------------------------------

The fluorescence selectivities of TOTO-1 towards 15 mM dGTP, dATP, dCTP, dTTP and ADP were detected (Fig. S3[†](#fn1){ref-type="fn"}). The results showed that TOTO-1 has much stronger fluorescence with dGTP or ADP than that with dATP, dCTP or dTTP. Considering that TOTO-1 was used to respond to G-rich DNA sequences catalyzed by telomerase, poly(dG) was used as the model target in this study. Compared with the result for 15 mM of dGTP, the fluorescence intensity of TOTO-1 increased from 1.5 to 25 when only 86 nM poly(dG) (690 nM of G bases) was present. These data indicated that TOTO-1 is more sensitive to the G bases existing in single-stranded DNA than single dGTP, which is significant for the detection of extended DNA sequences catalyzed by telomerase. The absorbance and fluorescence spectra of TOTO-1 are shown in [Fig. 1](#fig1){ref-type="fig"}. From curves (a and b) in [Fig. 1A--D](#fig1){ref-type="fig"}, it can be seen that their absorption spectra vary significantly in the presence of different oligodeoxynucleotides, indicating that the molecular orbitals of TOTO-1 were changed by these oligodeoxynucleotides. The orbital distribution of the excited state transitions for TOTO-1/poly(dG) corresponding to the absorbance at 454 nm and 542 nm were simulated (Fig. S4[†](#fn1){ref-type="fn"}). The fluorescence intensity of TOTO-1 in the presence of different types of oligonucleotides varied greatly (curve c, [Fig. 1A--D](#fig1){ref-type="fig"}). Specifically, TOTO-1 in the presence of poly(dG) yielded much higher signals than those with the three other types of oligonucleotides. The quantum yields in the presence of poly(dG), poly(dA), poly(dC), and poly(dT) were determined to be 0.25, 0.11, 0.05 and 0.02, respectively. These data indicated that TOTO-1 showed strong fluorescence selectivity towards four types of bases: poly(dG) ≫ poly(dA) \> poly(dC) \> poly(dT). [Fig. 1E](#fig1){ref-type="fig"} shows the comparison of fluorescence intensities of TOTO-1 in the presence of different types of oligonucleotides.

![Spectra of TOTO-1 (250 nM) and TOTO-1 in the presence of 86 nM of poly(dG) (A), poly(dA) (B), poly(dC) (C) and poly(dT) (D). Absorption spectra of free TOTO-1 (a); absorption (b) and fluorescence (c) spectra of TOTO-1 in the presence of oligodeoxynucleotides. (E) Fluorescence intensity comparison with four types of oligodeoxynucleotides.](c8sc05770b-f1){#fig1}

MD simulation of the interaction between TOTO-1 and poly(dG)
------------------------------------------------------------

MD simulation indicated that intramolecular π--π stacking existed in free TOTO-1, while intermolecular π--π stacking formed between TOTO-1 and poly(dG) ([Fig. 2A](#fig2){ref-type="fig"}). As a result, a folding structure similar to that of duplex DNA was formed. The absorption spectrum calculated by M06-2X/6-31G(D) was highly consistent with the experimental spectrum ([Fig. 2B](#fig2){ref-type="fig"}), which demonstrated the intermolecular π--π stacking in poly(dG)/TOTO-1. Other fluorescent dyes such as fluorescein sodium, thioflavin T and acriflavine did not have fluorescence selectivity towards the bases (Fig. S5[†](#fn1){ref-type="fn"}). Although TO showed selectivity similar to that of TOTO-1, its PL intensity was much lower (30%) than that of TOTO-1 in the presence of poly(dG) and poly(dA) (Fig. S5C[†](#fn1){ref-type="fn"}).

![(A) Intramolecular π--π stacking of free TOTO-1 and intermolecular π--π stacking of TOTO-1/poly(dG). (B) Simulated and experimental absorption spectra of TOTO-1 in the presence of poly(dG).](c8sc05770b-f2){#fig2}

Fluorescence of TOTO-1 in the presence of G-rich elongated TS primer and PAR
----------------------------------------------------------------------------

The absorbance and fluorescence spectra of TOTO-1 in the presence of G-rich elongated TS primer ([Fig. 3A](#fig3){ref-type="fig"}) and PAR ([Fig. 3B](#fig3){ref-type="fig"}) were also studied. In the presence of G-rich elongated TS primer, the absorbance and fluorescence spectra of TOTO-1 changed obviously compared with those in the presence of poly(dG) and poly(dA). Compared with the observation for poly(dG), the fluorescence intensity for the elongated TS primer decreased from 25 to 12.6, indicating that thymine and adenine certainly decreased the fluorescence emission of TOTO-1. The corresponding quantum yield decreased to 0.16. Under this circumstance, its fluorescence was still sensitive enough to distinguish the G-rich elongated TS primer, making it possible to detect telomerase activity.

![Absorption spectra of free TOTO-1 (a in A and B) and TOTO-1 in the presence of G-rich extended primer (b, A) and PAR (b, B). Fluorescence spectra of TOTO-1 in the presence of G-rich extended primer (c, A) and PAR (c, B).](c8sc05770b-f3){#fig3}

PAR, synthesized by PARP-1, is composed of adenosine diphosphate ribose (ADP-ribose) monomers (Fig. S6[†](#fn1){ref-type="fn"}). In the presence of PAR, the absorbance spectrum of TOTO-1 showed significant changes with a new absorbance peak at 425 nm and increased absorbance values at 480 nm and 508 nm, indicating that the molecular orbitals of TOTO-1 were also different from those in the presence of poly(dA). Although its maximum fluorescence emission wavelength changed slightly, its fluorescence intensity increased by 2.5 times. The corresponding quantum yield also increased from 0.11 to 0.32, which definitely contributed to improving PARP-1 activity detection. Furthermore, compared with the result for 15 mM of ADP, the fluorescence intensity of TOTO-1 increased from 0.7 to 7 in the presence of PAR produced by 0.8 U PARP-1. This also indicates that TOTO-1 is more sensitive to polymerized ADP than single ADP. Thus, it is possible to construct a sensitive and simple method to detect telomerase and PARP-1 activities based on the unique fluorescence selectivity and sensitivity of TOTO-1 towards the G-rich elongated primer and PAR.

The strategy for telomerase activity evaluation
-----------------------------------------------

The scheme for telomerase activity detection is illustrated in [Fig. 4A](#fig4){ref-type="fig"}. The telomerase primer was incubated with dNTPs and telomerase was extracted from tumor A549 cells. The TTAGGG repeat units were continuously synthesized on the 3′ end of the TS primer to form a G-rich extended primer. In the presence of telomerase, the G-rich elongated primer led to a sharp increase in the fluorescence intensity of TOTO-1 (a, [Fig. 4B](#fig4){ref-type="fig"}). In the presence of TS primer without telomerase, the background signal was 2.9 (b, [Fig. 4B](#fig4){ref-type="fig"}). A primer was designed to form ds-DNA by incubation with complementary DNA (c-DNA), followed by digesting with Exo III; thus, the background signal decreased to 0.30 (c, [Fig. 4B](#fig4){ref-type="fig"}). The signal-to-noise ratio (S/N) increased by nearly 9 times ([Fig. 4C](#fig4){ref-type="fig"}). The control experiment results are shown in [Fig. 4D](#fig4){ref-type="fig"}. The fluorescence intensities of TOTO-1 in the presence of dNTPs, heated A549 cells and Exo III were negligible. Its fluorescence increased sharply when TOTO-1 was incubated with the primer, dNTPs and A549 cells, indicating that telomerase triggered the fluorescence of the system (f, [Fig. 4D](#fig4){ref-type="fig"}).

![(A) Scheme of sensing telomerase activity by TOTO-1. (B) PL spectra of TOTO-1/extended-primer/c-DNA/Exo III (a) primer/TOTO-1 (b) and TOTO-1/primer/c-DNA/Exo III (c). (C) PL intensity of TOTO-1 in the presence of primer (a) and elongated primer (b) digested with Exo III; (a′) and (b′) correspond to (a) and (b) without Exo III. (D) PL spectra of TOTO-1 (a), TOTO-1/primer/Exo III/c-DNA (b), TOTO-1/primer/Exo III/c-DNA in the presence of dNTPs (c), A549 cells (d), dNTPs/Heated A549 cells (e), dNTPs/A549 cells (f); 750 A549 cells per mL and 250 nM TOTO-1 were used.](c8sc05770b-f4){#fig4}

The strategy for PARP-1 activity evaluation
-------------------------------------------

The scheme for PARP-1 activity detection is illustrated in [Fig. 5A](#fig5){ref-type="fig"}. PARP-1 was activated by specific dsDNA. Then, PARP-1 transferred the first ADP-ribose unit from nicotinamide adenine dinucleotide (NAD^+^) to an acceptor protein and sequentially added multiple ADP-ribose units to the preceding ones to form hyper-branched PAR. However, the background fluorescence produced by the activated dsDNA was very high because TOTO-1 showed strong fluorescence in the presence of dsDNA (curve b, [Fig. 5B](#fig5){ref-type="fig"}). It was also necessary to use Exo III to reduce the background signal. From curve a in [Fig. 5B](#fig5){ref-type="fig"}, we can see that the background signal is reduced by 38 times, which makes it possible to detect the PARP-1 activity sensitively. The control experiments for PARP-1 detection are shown in [Fig. 5C](#fig5){ref-type="fig"}. Only activated PARP-1 could trigger the fluorescence of the system, while other substances such as NAD^+^, heated PARP-1, and Exo III exhibited negligible effects on the fluorescence intensity.

![(A) Scheme of fluorescence assay of PARP-1 based on TOTO-1. (B) PL spectra of TOTO-1 with ds-DNA (b) and after ds-DNA digestion by Exo III (a). (C) PL spectra of TOTO-1 (a), TOTO-1/ds-DNA/Exo III (b) TOTO-1/ds-DNA/Exo III with PARP-1 (c), NAD^+^ (d), NAD^+^/heated PARP-1 (e), NAD^+^/PARP-1 (f); 0.8 U PARP-1 was used.](c8sc05770b-f5){#fig5}

Performances for telomerase and PARP-1 analysis
-----------------------------------------------

Confocal imaging gave further evidence for the feasibility of the proposed method. As is shown in [Fig. 6](#fig6){ref-type="fig"}, TOTO-1 exhibits very weak fluorescence in the presence of the telomerase and PARP-1 detection system without telomerase (A) or PARP-1 (A′). The presence of telomerase (B) or PARP-1 (B′) triggered the fluorescence of TOTO-1 sharply due to the formation of G-rich elongated primer and PAR, respectively.

![Fluorescence images of TOTO-1 in the absence and presence of telomerase (7500 cells per mL) (A and B) and PARP-1 (0.8 U/20 µL) (A′ and B′). The scale bar is 5 µm. Fluorescence spectra of the detection system with increasing concentration of telomerase from 2 to 4000 A549 cells per mL (C) and PARP-1 from 0.02 U to 1.5 U (C′).](c8sc05770b-f6){#fig6}

The fluorescence spectra for telomerase and PARP-1 detections are shown in [Fig. 6C and C′](#fig6){ref-type="fig"}, respectively. The optimization of the detection conditions is shown in Fig. S7 and S8.[†](#fn1){ref-type="fn"} PL intensity showed a linear correlation with increasing concentration of telomerase from 13 to 4000 A549 cells per mL. The regression equation is *Y* = --0.75 + 4.79 lg *C*, (*R*^2^ = 0.997). A linear relationship between the PL intensity and PARP-1 ranging from 0.02 U to 1.5 U (0.04 nM to 3 nM) was obtained *Y* = 2.66 + 5.23*C* (*R*^2^ = 0.992), where *Y* is the PL intensity and *C* is the content of A549 cells or PARP-1. The detection limit for telomerase and PARP-1 was 13 cells per mL and 0.02 U, respectively. Compared with the previously reported methods for telomerase detection listed in [Table 1](#tab1){ref-type="table"}, it can be concluded that this method is more sensitive than the UV methods.[@cit6],[@cit43] It is also comparable to other sensitive methods such as ECL,[@cit40]--[@cit47] CL,[@cit9] SERS,[@cit48] and fluorescence methods that use other probes.[@cit49]--[@cit53] It can also be seen that the detection sensitivity for PARP-1 is comparable to those of other reported methods (Table S2[†](#fn1){ref-type="fn"}).

###### Comparison of analytical performances of various methods for the determination of telomerase activity

  Method         System                                           Detection range          Detection limit   Reference
  -------------- ------------------------------------------------ ------------------------ ----------------- -----------
  UV-vis         Hemin-graphene conjugate-based biosensor         100--2300 cells per mL   60 cells per mL   [@cit10]
  UV-vis         Primer-modified GNPs                             0--200 cells per mL      29 cells per mL   [@cit43]
  ECL            DNA tetrahedral scaffold-based platform          0--32 000 cells per mL   70 cells per mL   [@cit44]
  ECL            Porphyrin-functionalized graphene                10--750 cells per mL     10 cells per mL   [@cit45]
  ECL            Ruthenium polyethylenimine complex-doped ZIF-8   50--106 cells            11 cells          [@cit46]
  ECL            Polyluminol-PtNPs composite                      15--9000 cells           15 cells          [@cit47]
  CL             Hemin-G-quadruplex                               1--1000 cells            1 cell            [@cit9]
  SERS           ABT modified AuNPs                               5--100 cells             1 cell            [@cit48]
  Fluorescence   TS primer-modified AuNPs                         10--1000 cells           1 cell            [@cit49]
  Fluorescence   Cy3-labeled DNA                                  10--2000 cells           10 cells          [@cit50]
  Fluorescence   AIEgens                                          5--10 000 cells          5 cells           [@cit51]
  Fluorescence   GNRs-based FRET                                  1--500 cells             1 cell            [@cit52]
  Fluorescence   FRET-based TS-FAM/CCP platform                   5--2000 cells            5 cells           [@cit53]
  Fluorescence   TOTO-1                                           2--4000 cells per mL     13 cells per mL   This work

The practicality and selectivity for telomerase activity detection were verified by using other kinds of cell lines, proteins and enzymes ([Fig. 7A](#fig7){ref-type="fig"}). The PL intensity increased significantly for A549, HeLa, and MCF-7 cells and was negligible for heated A549 cells, PARP-1, HRP, BSA, and HSA, indicating that high PL resulted from telomerase in these cancer cell lines. As shown in [Fig. 7B](#fig7){ref-type="fig"}, we also studied the selectivity of the biosensor for PARP-1. The experimental results indicate no obvious change in PL when PARP-1 was replaced by BSA, heated PARP-1, and telomerase, suggesting satisfactory selectivity for PARP-1 detection.

![(A) Selectivity of the biosensor for telomerase activity detection; 750 cells per mL was used for each cell line. (B) Selectivity of TOTO-1 as a PARP-1 biosensor; 2.0 U PARP-1 was used. Error bars show the standard deviation of three experiments.](c8sc05770b-f7){#fig7}

Application of the strategy to detect telomerase in urine and PARP-1 in cells
-----------------------------------------------------------------------------

Telomerase was detected by the proposed method in 11 early morning urine samples provided by the Nanjing General Hospital of Chinese People\'s Liberation Army. A threshold value of 0.59 was calculated from the mean fluorescence intensity of 100 blank samples plus 3 times the relative standard deviation. The detection results are shown in [Table 2](#tab2){ref-type="table"}. Sample 1 is the blank solution and samples 2--8 were obtained from normal, vesical calculus, kidney stone and inflammation patients. All PL intensities were lower than the threshold value. Samples 9--12 were obtained from bladder cancer patients. All their results were far higher than the threshold value. Therefore, this painless method has great potential to be used for bladder cancer diagnosis.

###### Detection results of telomerase in urine samples and PARP-1 in cells[^*a*^](#tab2fna){ref-type="fn"}

  Telomerase   Patient ID   Clinical outcome   TRAP   PL intensity
  ------------ ------------ ------------------ ------ --------------
  1            Water                           --     0.25
  2            Normal       Normal             --     0.3
  3            1003295831   Vesical calculus   --     0.3
  4            1008455348   Bladder cancer     --     10.5
  5            1002693440   Kidney stone       --     0.35
  6            1008455719   Kidney stone       --     0.31
  7            1008461668   Kidney stone       --     0.29
  8            1007144483   Inflammation       --     0.25
  9            1007677148   Bladder cancer     \+     5
  10           1007922178   Bladder cancer     \+     4
  11           1007045669   Bladder cancer     \+     12
  12           1007924814   Bladder cancer     \+     7
  PARP-1       Cells        Nucleus (U)               Plasma (U)
  13           IOSE80       0.05                      0.02
  14           MCF-7        0.67                      0.53
  15           SK-BR-3      0.74                      0.5

^*a*^"--" or "+" means negative or positive for telomerase, respectively.

The PARP-1 levels in normal cells of IOSE80 and breast cancer cells of MCF-7 and SK-BR-3 were evaluated. The detection results for samples 13--15 showed that PARP-1 was present at a low level in normal human cells, while it was significantly up-regulated in the malignant SK-BR-3 cells and MCF-7 cells. PARP-1 was higher in the nucleus than that in the cytoplasm of both SK-BR-3 cells and MCF-7 cells, which was consistent with previous results.[@cit54],[@cit55] Recovery experiments were conducted in human serum, normal cells IOSE80 and human ovarian cancer cells A2780 to prove the accuracy of the sensor in complex biological matrices. Recoveries were from 94% to 109% and the relative standard derivations were in the range of 2.48--8.21%, indicating that the method has good accuracy and high precision (Table S4[†](#fn1){ref-type="fn"}).

Detection of inhibition efficiency on telomerase and PARP-1
-----------------------------------------------------------

To test the inhibitor screening function of the proposed sensor, BIBR1532 and curcumin were chosen as the model inhibitors for telomerase and AG014699 was selected as the model inhibitor for PARP-1. The PL intensities decreased continually to a stable value when the amounts of BIBR 1532 and curcumin increased (Fig. S9A and C[†](#fn1){ref-type="fn"}). Decreased percentages of the PL intensity in the presence of various concentrations of BIBR 1532 and curcumin are shown in Fig. S9B and D.[†](#fn1){ref-type="fn"} A549 without an inhibitor was used as the control (750 cells per mL). The IC~50~ (concentration of inhibitor producing 50% inhibition) values for BIBR1532 and curcumin against telomerase were 251 nM and 8.64 µM, respectively. These results were in accordance with previously reported values.[@cit56],[@cit57] The fluorescence spectra in the presence of PARP-1 inhibited by different concentrations of AG014699 are shown in Fig. S9E.[†](#fn1){ref-type="fn"} The decreased percentages of the PL intensity are shown in Fig. S9F.[†](#fn1){ref-type="fn"} The IC~50~ value of AG014699 was determined to be 8.2 nM; it was also in good agreement with the reported IC~50~ value in literature.[@cit58]

Conclusions
===========

In summary, the unique fluorescence selectivity and sensitivity of TOTO-1 towards the G bases in single-stranded DNA and PAR were found for the first time and studied elaborately. MD simulation proved that intermolecular π--π stacking formed between TOTO-1 and poly(dG) and TOTO-1/poly(dG) folded in a way analogous to that of duplex DNA, which explained why TOTO-1 has high selectivity towards poly(dG). TOTO-1 is also the first probe that has been reported to have high selectivity and sensitivity towards PAR. A label-free, simple and sensitive fluorescence biosensor was constructed for telomerase and PARP-1 sensing based on TOTO-1 and Exo III-assisted background noise reduction. This strategy shows high sensitivity and selectivity towards telomerase and PARP-1. Integrating multiple functions into one simple probe, *i.e.*, detecting not only telomerase but also PARP-1 can significantly raise the specificity of screening cancer and decrease false positive proportion. This makes TOTO-1 a promising candidate probe for clinical diagnosis. However, the probe cannot be used to image telomerase or PARP-1 *in vivo* because Exo III is necessary to decrease the background signals and it is difficult to be transferred into cells.
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